Objective: To study the intracellular pathways which mediate the inhibitory actions of adenosine on isoprenaline-stimulated calcium Ž . Ž . current I in atrioventricular AV nodal myocytes. Methods: The whole-cell patch-clamp technique was used to record I from Ca Ca rabbit AV nodal cells, isolated by enzymatic and mechanical dispersion. Results: Isoprenaline, 0.1 mM, increased peak I from Ca Ž . 0.58 " 0.08 to 1.23 " 0.1 nA, and this increase was reversibly inhibited by adenosine, 10 mM 83"6% , which we have previously Ž . Ž . shown to be mediated by nitric oxide NO production. A membrane-permeable analogue of cyclic GMP, 8-Br-cGMP 300 mM , an Ž . inhibitor of cGMP-stimulated phosphodiesterase, prevented the effect of adenosine on I . Methylene blue 10 mM , an inhibitor of . by pre-incubation of cells with a NO synthase inhibitor, L-NAME 0.5 mM . Conclusions: The inhibitory effect of adenosine on I in Ca rabbit AV nodal myocytes can be mediated by two mechanisms-stimulation of cGMP-stimulated phosphodiesterase by NO-induced cGMP, and a mechanism which involves interaction with P O y production. 
rabbit AV nodal cells, isolated by enzymatic and mechanical dispersion. Results: Isoprenaline, 0.1 mM, increased peak I from Ca Ž . 0.58 " 0.08 to 1.23 " 0.1 nA, and this increase was reversibly inhibited by adenosine, 10 mM 83"6% , which we have previously Ž . Ž . shown to be mediated by nitric oxide NO production. A membrane-permeable analogue of cyclic GMP, 8-Br-cGMP 300 mM , an Ž . inhibitor of cGMP-stimulated phosphodiesterase, prevented the effect of adenosine on I . Methylene blue 10 mM , an inhibitor of Ca Ž P y . NO-sensitive guanylyl cyclase and a generator of superoxide O , did not prevent, but increased, the inhibiting action of adenosine 2 
Ž
. Ž . 49.5 " 6.6%, P -0.01 . Methylene blue 50 mM caused a reduction of I , with further inhibition when combined with adenosine. A Ca P y Ž . Ž . O -generating system, xanthine oxidase 0.02 Urml and purine 2.3 mM , also increased the inhibitory action of adenosine on I .
Introduction
Adenosine has a variety of regulatory roles on cardiac w x w x functions, including negative chronotropic 1 , inotropic 2 w x and dromotropic actions 3 . The negative dromotropic Ž . action, with block of atrioventricular AV nodal conduction, is of clinical importance because of the pharmacological use of adenosine in the treatment of cardiac arw x rhythmias 4 and the pathophysiological role of endogenous adenosine in the development of heart block in w x patients with acute myocardial infarction 5 . We have previously studied the ionic mechanisms underlying this w x action in isolated rabbit AV nodal myocytes 6,7 . Adenosine directly activated an inwardly rectifying potassium ) Ž .
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Ž . current I
, and also had an indirect inhibitory action KŽA do.
Ž . on the L-type calcium current I following stimulation Ca by catecholamines. The intracellular transduction mechanisms underlying this latter anti-adrenergic action of adenosine are complex and we have shown that they include A -receptor-mediated generation of nitric oxide 1 Ž . w x NO 7 . The aim of the present work was to study the subsequent mechanisms by which NO production resulted in inhibition of I .
Ca
Many cardiovascular effects of NO are mediated through stimulation of guanylate cyclase and production of guano-X X Ž . sine 3 ,5 -cyclic monophosphate cGMP . Involvement of cGMP in the modulation of calcium current by NO, following application of NO donors, has been demonstrated w x in frog and guinea-pig ventricular myocytes 8,9 and Time for primary review 17 days.
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Ž . PII S 0 0 0 8 -6 3 6 3 9 7 0 0 0 4 3 -6 ( )w x human atrial myocytes 10 . However, the subsequent mechanisms differ in different tissues and there is evidence that the modulation by NO of I can be due to either Ca activation of the cGMP-stimulated phosphodiesterase Ž .w x Ž . cGS-PDE 8,11 or activation of protein kinase G PKG w x 9 or via inhibition of the cGMP-inhibited phosphodi-Ž .w x esterase cGI-PDE 10 .
The intracellular pathways which mediated the inhibitory actions of adenosine on isoprenaline-stimulated Ž . calcium current I were studied using compounds which Ca are known to inhibit components of the transduction mechanisms. This approach is complicated by the fact that such compounds may have multiple actions. The stable analogue of cGMP, 8-Br-cGMP, can be used as an activator w x w x of PKG 12,13 but it can also inhibit cGS-PDE 14 . Methylene blue is an inhibitor of NO-sensitive guanylyl cyclase, but this effect is dependent on the generation of w x superoxide 15,16 , which may have additional actions independent of cGMP. The aim of this work, therefore, was to determine the role of NO and cGMP in the actions of adenosine and to assess whether other mechanisms, in particular those dependent on superoxide production, might also play a role.
Methods

Preparation of isolated cells from the rabbit atrioÕen-tricular node
Single isolated AV nodal myocytes were prepared from rabbit hearts using a method which combines enzymatic and mechanical dispersion of the tissue, as described previw x ously 6,7 . In brief, the excised hearts from New Zealand Ž . white male rabbits 2.5-3.5 kg were retrogradely perfused with enzyme solution containing 0.8 mg ml y1 collagenase Ž . The pipette-filling solution was potassium-free, replaced by caesium, to block outward potassium currents Ž . and had the following composition mM : 130 CsCl, 1 MgCl , 5 HEPES, 5 EGTA, 4 Na -ATP, 0.4 Na-GTP; pH 2 2 was adjusted to 7.25 with CsOH.
Electrophysiological techniques
The whole-cell configuration of the patch-clamp technique was used to record high-threshold calcium current. The patch microelectrodes were pulled from 1.5 mm Ž . borosilicate glass Clark Electromedical using a Narishige two-stage vertical puller. When filled with recording solution, patch microelectrodes had resistance of 2-5 M V. Aliquots of the cell suspension were transferred to the recording chamber, which was mounted on the stage of an inverted Nikon microscope. The isolated cells were allowed to settle for 15 min before superfusion with normal Tyrode solution was started. The temperature of the bath was maintained at 35-378C using a modified Temperature Ž Controlled Perfusion System Life Science Resources Lim-. ited, Cambridge, UK . Solutions were superfused at approximately 1.5 mlrmin with a gravity feed system, giving an exchange time of approximately 30 s.
Spontaneously beating, spindle-shaped myocytes isolated from the region of the AV node were studied. We have previously described the electrophysiology of these cells, which exhibited spontaneous action potentials and were smaller, relatively depolarised and had higher memw x brane resistance compared to atrial cells 6 . The use of caesium-containing pipettes prevented confirmation of these properties in the present study. Whole-cell membrane capacitance was determined from the charging curves in Ž . response to 10 mV steps as 44 " 1.5 pF n s 23 . Wholecell voltage-clamp experiments were performed using an Ž . Axopatch 1D Axon Instruments, Inc., USA . The highthreshold calcium current was elicited by 50-100 ms square pulse from a holding potential of y50 to 10 mV at 0.1 Hz. Peak inward current was measured relative to the holding current. Effects of drugs on the peak inward current were expressed as percentage of the inward current prior to that drug application. The records were monitored Ž . on an oscilloscope Model DTS 20 and were digitised on-line using a National Instruments LAB-PC analogueto-digital board and stored on the hard disc of an IBM-Ž . compatible PC Viglen IVr25 . Voltage clamp experimental protocols and off-line data analysis were performed ( )using the software program 'WCP', written by John Ž Dempster Department of Physiology and Pharmacology, . University of Strathclyde, Glasgow .
Statistics
Values are presented as mean " s.e.m. Statistical significance was evaluated by Student's unpaired t-test, and P -0.05 was considered significant.
Results
Effect of adenosine on isoprenaline-stimulated calcium current
The increase in the magnitude of peak I produced by Ca Ž . isoprenaline 0.1 mM , and the reversible inhibitory action Ž . of the subsequent addition of adenosine 10 mM is shown Ž . in Fig. 1 . Isoprenaline 0.1 mM induced a mean increase Ž . in peak I from 0.58 " 0.08 nA to 1.23 " 0.1 nA n s 36 .
Ca
The mean I when 10 mM adenosine was added to 0.1 Ca mM isoprenaline was reduced to 83.7 " 6% of the ampli-Ž . tude before application of adenosine n s 7 .
Effect of 8-Br-cGMP on the anti-adrenergic effect of adenosine
The membrane-permeable stable analogue of cGMP, w x 8-Br-cGMP, inhibits cGS-PDE 14 and activates PKG w x with high relative affinities 12,13 . Fig. 2 shows that Ž 8-Br-cGMP, 300 mM, when added after isoprenaline 0.1 . mM , had no effect on peak I . The mean peak I was Ca Ca 
Effects of methylene blue and adenosine on I C a
Methylene blue has been used as a blocker of the w x NO-sensitive guanylyl cyclase 8,11,17 , and therefore would be expected to block the inhibitory anti-adrenergic action of adenosine. Fig. 3 shows that this was not the Ž case, but rather that the inhibitory action of adenosine 10 . Ž m M was augmented and irreversible. Methylene blue 10 . mM itself had no significant effect on isoprenaline-aug-Ž . mented I 107 " 3.3% of prior peak I . The subseCa Ca quent application of 10 mM adenosine reduced the peak I to 49.5 " 6.6% of its amplitude before the application Ca Ž . of methylene blue and adenosine n s 8, P -0.01 . The inhibitory effect of adenosine in combination with methylene blue was partially reversible in 2 cells and irreversible in the others. These results indicated a different mechanism, independent of cGMP, underlying the inhibitory action of adenosine in the presence of methylene blue.
Ž . Fig. 4 shows that a higher concentration 50 mM of methylene blue alone also had an inhibitory action on I .
Ca
There was further irreversible inhibition of I when Ca Ž . methylene blue 50 mM was combined with adenosine Ž . 10 mM . The mean peak I with 50 mM methylene blue Ca was 80 " 7.7% of the amplitude before its application Ž . ns6 and was further reduced to 52 " 8% by the addition of 10 mM adenosine. A possible explanation for these inhibitory actions of methylene blue and its combination with adenosine may be related to the additional ability of Ž . Evidence was sought to support the hypothesis that this was an additional action of adenosine which was independent of NO and cGMP production. Fig. 7 shows that 8-Br-cGMP, 300 mM, did not prevent the inhibitory effect of adenosine on I in the presence of xanthine oxidase Ca Ž . and purine mean I reduced to 46.1 " 3.8%, n s 4 . We have previously shown that pre-incubation of the AV nodal myocytes with the NO synthase inhibitor, L-NAME Ž . 0.5 mM , prevented the attenuation by adenosine of the w x isoprenaline-stimulated calcium current 7 . Fig. 8 shows that L-NAME did not prevent the inhibition of I by Ca adenosine in the presence of a low concentration of xan-Ž . thine oxidase 0.02 Urml with purine, which was confirmed in 3 cells. These results suggest that the inhibitory action of adenosine in the presence of superoxide genera- Fig. 8 . Lack of effect of pre-incubation of myocytes with L-NAME, a NO synthase inhibitor, on the actions of xanthine oxidase, purine and adenosine on isoprenaline-increased I . Pre-incubation with L-NAME did not tion involves a mechanism which is independent of NO and cGMP production.
Effects of superoxide generation on I and action of
Discussion
In this study we have demonstrated, in line with our w x previous results 7 , that adenosine attenuated the isoprenaline-induced increase in I in rabbit AV nodal cells.
Ca
This anti-adrenergic effect of adenosine was shown previously to be blocked by the NO synthase inhibitor, L-NAME, suggesting that it was mediated via the production of NO w x 7 . The findings of the present study indicate that this effect of adenosine on isoprenaline-stimulated calcium current involves the activation of guanylyl cyclase and the production of cGMP.
The mechanisms underlying the modulation by cGMP of cardiac calcium current have been shown to include activation of either cGMP-dependent protein kinase G Ž . w x Ž PKG 9 or cGMP-stimulated phosphodiesterase cGS-
. w x PDE 8,11 , or inhibition of the cGMP-inhibited phospho-Ž .w x diesterase cGI-PDE 10 , in different tissues. In the present findings with rabbit AV nodal myocytes, 8-Br-cGMP, a membrane-permeable and stable analogue of cGMP Ž . w x which activates protein kinase G PKG 12,13 , did not modify the isoprenaline-stimulated I . This suggested that Ca activation of this enzyme was not a necessary step in the attenuation of I . However, 8-Br-cGMP did prevent the Ca adenosine attenuation of the isoprenaline-stimulated I .
An explanation for this finding is that 8-Br-cGMP can also Ž inhibit the cGMP-stimulated phosphodiesterase cGS-. w x PDE , as recently reported 14 . If adenosine activates guanylyl cyclase, following the production of NO, the subsequent stimulation of cGS-PDE would enhance the breakdown of isoprenaline-elevated cAMP leading to a reduction of the isoprenaline-stimulated I . In the presCa ence of 8-Br-cGMP, cGS-PDE may be inhibited, thus preventing the anti-adrenergic effect of adenosine. Support for these conclusions comes from recent evidence that a similar mechanism involving cGS-PDE may underlie the cholinergic modulation of calcium current in rabbit AV w x nodal cells 18 .
A similar signal transduction mechanism has been proposed to explain the anti-adrenergic effect of muscarinic w x stimulation in frog ventricular myocytes 8 and rabbit Ž . w x sino-atrial SA nodal cells 11 . It is of interest to note, however, that 8-Br-cGMP did not block the anti-adrenergic w x effect of carbamylcholine in SA nodal cells 11 . This could be explained by the fact that 8-Br-cGMP is a w x competitive inhibitor of cGS-PDE 14 and its blocking activity would, in part, be dependent upon the level of cGMP. In our experiments, adenosine attenuated but did not completely inhibit the isoprenaline stimulated I , Ca w x whereas in the experiments of Han et al. 11 the inhibition by carbamylcholine was total. It is possible, therefore, that in the two sets of experiments, a different level of stimula-( )tion of guanylyl cyclase was achieved resulting, in our experiments, in a lower level of cGMP which was more readily blocked by 8-Br-cGMP.
Another important finding of this study was that under certain conditions the reduction in I by adenosine in AV Ca nodal cells may be unrelated to activation of NO synthase Ž P y . but was related to interaction with superoxide O pro-2 duction. In the presence of concentrations of xanthine oxidase and purine, or methylene blue, which by themselves did not reduce I , the anti-adrenergic effect of Ca adenosine was potentiated. However, neither 8-Br-cGMP nor L-NAME prevented the inhibition in I produced by a Ca combination of adenosine and xanthine oxidase plus purine. Xanthine oxidase in the presence of a suitable substrate, in this case purine, reduces O and produces the superoxide formation of peroxynitrite which also causes oxidation of w x sulphydrils 29 . However, since L-NAME did not modify the inhibition in I by superoxide-generating agents and Ca adenosine, NO is not likely to play a major role in this mechanism.
Methylene blue has been used in many studies as an w x inhibitor of NO-sensitive guanylyl cyclase 8,11,17 since the superoxide it generates can scavenge NO leading to an w x inhibition of the enzyme. Mery et al. 8 have reported findings similar to our data that high concentrations of Ž . methylene blue 50 mM by itself inhibited isoprenalinew x stimulated I . Han et al. 11 also reported a non-specific Ca effect of methylene blue on both calcium and potassium Ž currents. Lower concentrations of methylene blue [5] [6] [7] [8] [9] [10] . mM , however, have been shown to inhibit the antiadrenergic effect on I of muscarinic agonists in rabbit SA nodal Ca w x w x cells 11 and in guinea-pig ventricular myocytes 16 . This is not in accord with our data, but it is possible that muscarinic stimulation and adenosine produce different amounts of NO and, therefore, differentially scavenge the superoxide also produced. Muscarinic stimulation may produce sufficient NO to scavenge the superoxide generated by methylene blue whereas this may not be the case with adenosine. Further experiments are needed to investigate the observed differences between adenosine and muscarinic agonist-mediated effects.
The evidence that adenosine may both activate a NOcGMP pathway and, in different situations, interact with superoxide radical production may have implications for the effect of adenosine in areas of the heart other than the A-V node. Under physiological conditions, tissues have adequate anti-oxidant defences such that free radicals are not present in a sufficiently high concentration to produce w x a biological effect 30 . Under conditions of myocardial ischaemia and reperfusion, however, it has been demonw x strated that free radicals are produced 31 . The concentrations of purine and xanthine oxidase that were used in the present study are within the range of those used in other studies to demonstrate free-radical-induced changes in carw x diac function 32 . Thus our results which suggested that there may be a free-radical-mediated effect of adenosine will only be of importance under pathophysiological conditions. Endogenous adenosine, NO and P O y are all candi-2 dates for the protective effect of ischaemic preconditioning w x 33,34 and to our knowledge these are the first data which suggest an interrelationship between them. It is possible that in ventricular myocytes, under conditions of ischaemia and reperfusion, adenosine may also increase the production of NO and 
